Motivation: Automatic tools to speed up routine biological processes are very much sought after in bio-medical research. Much repetitive work in molecular biology, such as allele calling in genetic analysis, can be made semiautomatic or task specific automatic by using existing techniques from computer science and signal processing. Computerized analysis is reproducible and avoids various forms of human error. Semi-automatic techniques with an interactive check on the results speed up the analysis and reduce the error. Results: We have successfully implemented an image processing software package to automatically analyze agarose gel images of polymorphic DNA markers. We have obtained up to 90% accuracy for the classification of alleles in good quality images and up to 70% accuracy in average quality images. These results are obtained within a few seconds. Even after subsequent interactive checking to increase the accuracy of allele classification to 100%, the overall speed with which the data can be processed is greatly increased, compared to manual allele classification. Availability: The IDL source code of the software is available on request from jonathan.flint@well.ox.ac.uk
INTRODUCTION
Genetic analysis of polymorphic DNA markers segregating in crosses between inbred animals has proved to be a powerful method for mapping genes (Beier, 1993) . By using this method gene loci contributing to as little as 5% of the phenotypic variance of a trait can be reliably detected using only a few hundred animals. Compared to the analysis of human populations, a relatively small number of markers is required: in a backcross or intercross design there are relatively few recombinants on each chromosome and a complete genome scan can be carried out using fewer than 100 markers. Nevertheless, a genome scan still remains a large undertaking, generating upwards * To whom all correspondence should be addressed.
of 20 000 genotypes. Methods to increase the efficiency of the genetic analysis while reducing cost are therefore highly desirable.
Almost all current methods of scanning a genome utilize microsatellite markers, where alleles differ in the length of a short stretch of repetitive DNA sequence. Alleles are detected by PCR amplification and size separation of the products by electrophoresis. A critical step in this procedure is assignment of the correct size to each allele ('allele calling'). Inaccurate allele calling vitiates all later steps in map construction and testing for the presence of loci influencing the trait of interest. Automated, errorfree allele calling would therefore improve the efficiency of high throughput genome scans and greatly facilitate genetic mapping.
In crosses between two inbred lines only two alleles segregate at each locus. If the size difference between the alleles is more than 12 bp, and the size of the PCR product is less than 400 bp, then the difference can be reliably detected by electrophoresis of the PCR product on 4% agarose gels and visualizing the DNA by ethidium bromide staining. For subsequent mapping applications, alleles need to be classified as either homozygote for one or other strain, or as heterozygote. No system has previously been developed for automatically calling alleles on agarose gels (although there has been some success in providing automated allele calling for fluorescently labelled alleles detected on ABI automated sequencing machines (http://www.appliedbiosystems.com)).
In this paper we describe a software system that we have developed for the automatic analysis of agarose gel images. The system uses a number of standard image processing filters and pattern recognition techniques, and introduces new methods, algorithms and heuristics designed to achieve high accuracy in allele classification. An option for viewing each allele band separately and comparing them with their neighbours for interactive visual scoring is also implemented. The system stores the results in the file format required for further processing. To the best of our knowledge, this is a novel software system, which improves the speed of allele calling very considerably.
IMPLEMENTATION
The Agarose Gel Image analysis system (AGI) takes as input a two-dimensional grey level image from an experimental run (see the image at the top left hand corner of Figure 1 ). Once an image file has been selected, the software first identifies the Region Of Interest (ROI) within the image, and then divides this into separate lanes, each containing one or two allele bands. It then classifies each of these lanes as either heterozygote (H), upper-band homozygote (A), or lower-band homozygote (B) (following the convention of commonly used analysis programs such as Mapmaker or QTL-Cartographer). Depending on the allele size of the two strains, alleles can then be assigned to one of the two strains used in the cross. The absence of an identifiable allele band in a lane is indicated with an (X) classification for that lane.
The software is implemented using the Interactive Data Language (IDL) from Research Systems Inc. (details of IDL can be obtained from www.rsinc.com). IDL is a platform independent interpreter-based language designed to build image processing applications. The Graphical User Interface (GUI) was designed using IDL widgets. The software we have implemented can run on WinNT/95 and UNIX systems.
The software is composed of four main routines: semiautomatic marking of the region of interest, automatic lane tracking, automatic classification based on image processing, and interactive cross checking of the class assignment.
File selection is performed using a simple GUI, which displays all the image files from a selected directory. We use Tagged Image File Format (TIFF) images in our experiments. An option for continuous loading of the TIFF image files and saving the result in different orders is also provided. Previously recorded results can also be uploaded and displayed next to the respective allele bands. After selecting the image by clicking the mouse button on the file name in a file selection menu, the image is displayed in a GUI and the semi-automatic technique to select the region of interest takes control of the process.
The first task is to assign each allele band to a separate lane on the gel. Each lane is a path of movement of DNA and marker combination from a DNA well due to electrostatic attraction. In order to identify the agarose gel lanes, a GUI instructs the user to select that part of the image containing all the gel lanes into which a sample has been loaded. This is usually at the starting point of the first allele band in the image. A rectangular box covering the area containing all the allele bands appears on the screen. This box can be resized using mouse buttons to modify the region of interest so that it covers all allele lanes. We have set a default of 48 lanes to be recognized as all the gel images in our experiments consist of 48 lanes, but this parameter can be easily modified. The horizontal length of the selected region is first divided into λ (λ = 48 in the present case) blocks of equal size. If the region of interest is not divisible by λ, then the last gel lane (i.e. 48th) appears larger in size than the remaining lanes in the image. The extra size of the last lane can be calculated as follows: let l ROI be the length of the region of interest denoted by the rectangular box covering all allele lanes, then the extra size of the last lane is given by
where λ is the number of gel lanes, and indicates roundoff to a lower integer value. The number of extra pixel columns as given by the above expression is distributed evenly by adding it to the same number of equidistant lanes across the ROI by increasing their width by one pixel. The result is that the total size of the 48 blocks is equal to the horizontal length of the region of interest. The boundary of each lane is then adjusted to find the optimal dividing position between each pair of allele lanes by a simple intensity search method. This intensity search method can be explained as follows. An experimentally chosen small distance on both sides of the dividing line (given by the lane separation lines marked as dark lines in Figure 2 ) is considered as a search region. If m × n is the search region with m pixel rows (height) and n pixel columns (width), then the pixel column which satisfies the following condition
. . , n gives us a best possible position to draw the dividing line between the two allele lanes. This condition says that the column of pixels which has the least total intensity represents the optimal division between two allele lanes. A new dividing line is then drawn corresponding to that pixel column.
This automatic readjustment of the lane size is independent of variation in allele band intensity, allele band size or absence of allele band in a lane. The GUI provides the user with an option to delete or insert lanes by pressing mouse buttons as instructed in the GUI. Interactive resizing of the lanes is also possible. Figure 2 shows an example of lanetracking extracted from the image in GUI.
Once the adjusted lane division is done, alleles are classified automatically and displayed against their respective images as shown in Figure 1 . The automatic classification process is described in more detail in the next section. The allele classifications (H, A, B, or X) are displayed next to the corresponding allele bands so that a quick visual check can be conducted before saving the result in the file format required. Each allele band is separately displayed along with its two neighbours making it easy for the user to check the validity of the automatic allele classification. To correct inaccurate classifications, a pull-down menu is provided next to the display of each allele band, from which the user can easily select an appropriate alternative classification to correct a wrongly called allele.
It is possible to omit the automatic classification step and to opt for manual classification instead. In this mode the system acts as a useful editor to display and modify the classifications selected by the user. After the lanes are properly marked as explained above, a left button click on the lane writes a heterozygote (H), a middle button click writes an upper-band homozygote (A) and a right button click writes a lower-band homozygote (B). Any lane without mouse button click on it results in a missing allele score (X).
AUTOMATIC CLASSIFICATION
We use a number of existing image processing techniques to reduce noise in the region of interest, enhance the allele bands and obtain the classification. We also use a novel sweep-filter to reduce the thickness of the bands to one pixel. Figure 3a shows the control flow diagram for the AGI system.
As the allele bands are not uniform in intensity, any attempt to apply an amplitude threshold to the images to get a uniform background either results in too many island like structures in the background which are hard to differentiate from the allele band, or else pushes the allele bands themselves into the background. Hence the use of simple two-tone morphological operators is ruled out.
Top-hat filtering
Instead, we use top-hat filtering (Russ, 1995; Adiga and Chaudhuri, 2000a,b) . Each allele lane is subjected to a specially adapted top-hat filter which suppresses most of the noisy grey variation in the background, while enhancing the pixels it considers as belonging to the objects in the image. Figure 4 shows a diagrammatic representation of a top-hat filter working on a onedimensional allele section of the allele lane. All the peaks that stick up through the hat are considered as genuine allele bands while other peaks are suppressed as they are considered to be noise. The standard top-hat filter is a point finder. It consists of a flat disc that rests on a surface and a central crown of smaller diameter. This filter is centred on each pixel in the image, with the brim resting on the surface as shown in Figure 4a . The size of the central crown is defined by the smaller of the two neighbourhood regions as shown in Figure 4b . The larger region represents the local background, which the point of interest must exceed in brightness. The top-hat method finds the average brightness in the larger surrounding region and subtracts it from the average brightness in the interior region. If the difference exceeds the set threshold, then the pixels in the crown of the top-hat filter are considered as belonging to the object. For this application we adapt the top-hat filter to find band-like structures rather than points, since the objects of interest in our experiments are allele bands represented by band-like bright areas in the image.
Sweep filtering
The next filter we use is called a sweep filter because it sweeps the image and collects all pixel intensities at a particular location where the pixel intensity was maximum to start with. More technically, it could be called an allele band contrast-reinforcement filter. It does the job of suppressing the background to zero while increasing the pixel intensity of the allele bands to maximum level by sweeping away the pixel intensity of the background pixels.
Pixels in each lane are scanned vertically. In a top-tobottom scan a pixel i is compared to a next neighbouring pixel i + 1 in the vertical direction. If the intensity of pixel i is less compared to the intensity of pixel i + 1, i.e. I i I (i+1) then I i is set to 0. This is done for all the pixels present in the vertical scan line. The process is repeated while vertically scanning from bottom to top and for all the pixel columns in the lane. This enhances the sharpness of the high intensity bands and reduces its thickness to a single line (one pixel thickness). It also reduces the background grey level to zero. In the process this filter also clearly bifurcates the two bands of a heterozygote allele band.
Size and shape filtering
In a final filtering step, the lane image is converted into two-tone and all the small noisy pixels are removed using a size and shape filter (Adiga and Chaudhuri, 1998) . Size and shape filtering works as follows.
The maximum and minimum size of the allele band is defined. Objects which do not fall within the size criteria are considered as noise artefacts and removed. The shape of the band is also defined as a horizontal line with a maximum of two pixels thickness and a horizontal length not exceeding the lane width. Any object present in the lane, which does not satisfy these restrictions is considered as noise and eliminated. The size thresholds are determined experimentally by calculating the size of the alleles for a design data set and using the same thresholds for the remaining experiments.
Classification
Bands in the lanes are then labelled using an image component labelling algorithm (Udupa and Ajjanagadde, 1990; Thurfjell et al., 1992) . Initially all the lanes with two objects are classified as heterozygotes (H). The remaining lanes, where the number of components is one, are considered to be homozygotes, which must be further classified as upper-band (A) or lower-band (B). This is done as follows.
First, all those homozygote allele bands having at least one neighbouring heterozygote allele band are considered. A homozygote, whose centroid is above the centroid position of the neighbouring heterozygote allele is classified as upper-band (A), otherwise it is classified as a lower-band homozygote (B). If there are no components found in the lane, then a missing allele band is detected and that lane is classified as X.
In the second step, all the homozygous allele bands having an already classified neighbouring allele bands are further classified as upper-band (A) or lower-band (B) by comparing their centroid positions to the positions of the already classified neighbouring allele band. These classification steps are repeated until all of the lanes are classified.
The lanes with more than two objects in them are temporarily given label Y and are subject to further inspection based on band features. In practice, there are more Y labels in poor quality images. Thus for a poor quality image, the principle of classification cannot be relied upon to give accurate allele scoring using only the information extracted in the methods explained earlier. To solve this problem, we make use of more image based information in classifying the allele bands.
An intensity threshold on the lane images is chosen as (µ + σ ) where µ is the mean grey level of the pixels and σ is the standard deviation of this grey level within the unprocessed lane image. Pixels with an intensity less than the threshold are reduced to zero. Foreground pixels are considered as constituting a band or bands whose size, shape, relative intensity and weighted centroid position are calculated. The size of the object is the number of pixels present in the object. In the present case it is number of pixels present in the foreground of the lane image. The shape of an object is the ratio of its boundary length and its size. The relative intensity is the ratio of the average intensity of the allele band to the average intensity of all the allele bands in the region of interest. Based on the weighted combination of these features, a decision is made to classify the object as either H or A or B or X. The decision rule in this case is formulated by considering several manually classified data sets (of poor quality images) as design data sets and listing the above mentioned feature values for each allele band. A decision threshold is then set based on the observed result on the design data sets.
EXPERIMENTAL RESULTS AND
DISCUSSION In order to test the accuracy and efficiency of the automatic allele classification methods we have analyzed one hundred agarose gel images from twenty DNA markers and compared the results with manual classification. Table 1 gives the results.
We categorized the gel images by their visually assessed quality: a good quality image is one where the contrast between allele bands and the background is high, there are no (or very few) missing allele bands and the characterization of heterozygote and homozygote bands are clear. A poor quality image has a low contrast between allele bands and background, heterozygote and homozygote characterization is not clear, alleles (allele bands) have run to different levels in different directions and there are many missing allele bands. Table 1 gives brief statistics for the accuracy of automatic allele classification using the software and it also gives a comparative accuracy for each type of call. About 10% of the acquired data could not be automatically analyzed as the image quality was too low to successfully apply any image processing techniques to extract information. Most of these are also rejected from the visual analysis and re-acquired by repeating the experiment with the same DNA markers. In an experiment on twenty good quality images, we achieved an accuracy of 80-85% in automatic allele band classification. In an experiment on average quality images, we achieved 65-75% accuracy, while poor quality images give 50-55% accuracy. Though the accuracy rate is not very high, a further advantage of the system lies in the ease with which the errors can be identified and corrected using the GUI before storing the results for further processing As far as we are aware, there is no software available in the market which is comparable to the software presented in this paper. One program that is available is called 'alpha-imager' and is from Alpha Innotech Corporation. This software does not provide any automatic system for allele calling. The facilities of this software include display of the image, interactive lane tracking, and manual scoring of the alleles by clicking mouse buttons on the signal. Different mouse buttons input different classifications for allele bands, which is comparable to the option of manual allele classification provided in our software. However, this program does not provide any option to mark the lanes which do not have any allele bands in them, or in which the objects in them are too poorly defined to be classified. In such cases, alpha-imager users have to go back to the data files, visually track the missing signals and classify them with X. Our system not only provides the facility to classify missing allele bands with X, but also incorporates the automatic allele classification system which greatly increases the overall speed of classification. No commercial software available in the market does automatic allele scoring.
Our agarose gel analysis system provides a fast and easy way to classify diallelic markers and gives reproducible results. Due to the large amounts of data to be analyzed, high-throughput bioinformatics procedures should ideally be fully automatic. However, it is currently not feasible to design a fully automatic system for this application where the quality of input data varies widely, due to the human and experimental factors involved in gel preparation and image acquisition. In view of this, we have presented a practical system which can be used for fast semi-automatic agarose gel image analysis, or as a convenient tool for cross checking manually classified results. Improvement in the performance of the system seems to require an improvement in the quality of the images acquired and greater standardization of the image acquisition process. Good  53  22  20  01  57  20  18  01  87  D10Mit34  Good  46  18  23  09  48  21  25  02  89  D12Mit114  Good  45  23  26  02  50  21  24  01  84  D11Mit32  Average  48  22  16  10  46  27  19  04  70  D12Mit114  Average  39  23  31  03  48  24  22  02  69  D11Mit32  Average  42  14  19  21  50  26  18  02  76  D11Mit32  Bad  50  13  07  26  38  17  16  25  55  D11Mit32  Bad  57  14  12  13  59  17  20  00  70  D11Mit32  Bad  52  12  12  20  58  20  18  00  58 
